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A reminder/summary:
QUARK MATTER 2004

FK, J. Phys. G30 (2004) S887 [hep-lat/0403016]

News from Lattice QCD
On

Heavy Quark Potentials and

Spectral Functions of Heavy Quark States

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa



Quark Matter 2004 ...

...topics that could not be discussed:

1) Update on the QCD phase diagram
- T.(w) and the chiral critical point: quark mass dependence, lattice artefacts

2) QCD equation of state for . > 0
- baryon number fluctuations;
- comparison with resonance gas

F. Karsch, Strange Quark Matter 2004 — p.3/35



Topics from Lattice QCD ...

...to be discussed at SQM2004:

1) Update on the QCD phase diagram
- T.(w) and the chiral critical point: quark mass dependence, lattice artefacts

2) QCD equation of state for . > 0
- baryon number fluctuations;
- comparison with resonance gas
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matter: QCD phase diagram

continuous transition for
small chemical potential
and small quark masses at

quark-g|uon deconfined, TC = 170 M@V 3
plasma Y -symmetric € = 0.7 G@V/fm
Tt~ 2nd order phase transition;
TN chiral critical  'Sing universality class
had point TC(,LL) under investigation
adron gas
;:Cc_nggned, 1st order phase

transition ???

color
superconductor  expected - however, so far no

direct evidence from lattice QCD
W, few times nuclear ?\
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“. . Quark mass dependence of the
QCD phase diagram
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QCD phase diagram for
vanishing chemical potential
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The chiral condensate:
R 2- vs. (2+1)- vs. 3-flavor QCD
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- compare simulations in 3- and C. Bernard et al. (MILC Col.), hep-lat/0405029

(2+1)-flavor QCD
- (?ﬁ?ﬂ) for 3- and (2+1)-flavor QCD almost identical;
- sensitive only to light quark mass

_— chiral properties of 2-flavor QCD dominate (pseudo)-critical behavior
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The chiral condensate:

2-vs. (2+1)- vs. 3-flavor QCD
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Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: & > 0

Z(V,T,pn) = / DADYDYp e S=2(VoTok)

— / DAD det M () e 52(V>T)
ﬂcomplex fermion determinant;

long standing problem

—> three (partial) solutions for large T, small ja
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+ =« Extending the phase diagramto
non-vanishing chemical potential

non-zero baryon number density: & > 0

Z(V,T,pn) = / DADYDYp e S=2(VoTok)

— / DAD det M () e 52(V>T)
ﬂcomplex fermion determinant;

long standing problem

three (partial) solutions for large T, small ja

o |

exact evaluation of det M : works well on small lattices; requires reweighting
Z. Fodor, S.D. Katz, JHEP 0203 (2002) 014

® Taylor expansion around p = 0 works well for small w; has truncation errors
C. R. Allton et al. (Bielefeld-Swansea), Phys. Rev. D66 (2002) 074507

® imaginary chemical potential: works well for small p; requires analytic continuation
Ph. deForcrand, O. Philipsen, Nucl. Phys. B642 (2002) 290
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Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: & > 0

Z(V,T,pn) = / DADYDYp e S=2(VoTok)

— / DAD det M () e 52(V>T)
ﬂcomplex fermion determinant;

long standing problem

—> three (partial) solutions for large T, small ja

| d. 1 9g7%*(pa) ( Og~*(a)
1) =7 | G057 = NI B (O Ba )

® determine p-dependence of Lee-Yang zeroes of partition function

® determine shift of peak positions of susceptibilities and/or radius
of convergence of Taylor series

B |ocate phase transition (crossover) for imaginary
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Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: & > 0

Z(V,T,u) = / DADYDp e F=(V-Tor)
— / DAD det M () e 52(V>T)

pert. or non-pert. B-function

| dT. 1 9g7*(pa) ( Og~*(a)
1) =7 | G057 = NI B (O Ba )

® determine p-dependence of Lee-Yang zeroes of partition function

® determine shift of peak positions of susceptibilities and/or radius
of convergence of Taylor series

B |ocate phase transition (crossover) for imaginary
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~. | Reweighting of susceptibilities

for small
Polyakov loop susceptibility chiral susceptibility
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| 3.75 3.76 3.77 | 3.75 3.76 3.77

T.(ug)/T-(0) = 1 — 0.0078(38) (5 /T.(0))? (non-pert.)
C. R. Allton et al. (Bielefeld-Swansea), Phys. Rev. D66 (2002) 074507
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Extending the phase diagram to
non-vanishing chemical potential

analysis of volume dependence of Lee-Yang zeroes for u > 0

T (MeV)
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JHEP 0404 (2004) 050
V = 6%, 8°,10°%,12°

pert = 360(40) MeV

o
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T.(15)/Te(0) = 1 — 0.0032(1) (up/Tc(0))*  (pert)
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Extending the phase diagram to
non-vanishing chemical potential

first (exploratory) results on the quark mass dependence of the transition line:
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Iqummmm{mﬁmm
§ - _""‘ i
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1 1.2

m,-dependence

(3-flavor QCD, pert. 3-function, Taylor expansion)

L) 1 0.025(6) (11 /T)? , ma = 0.1

1 —0.114(46) (1, /T)* , ma = 0.005

Bielefeld-Swansea
(hep-1at/0309116, Lattice 2003)
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Extending the phase diagram to

non-vanishing chemical potential

first (exploratory) results on the quark mass dependence of the transition line:

300
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m-dependence not confirmed in
simulations with imaginary u
Ph. de Forcrand, O. Philipsen, NP B673 (2003) 170 F. Karsch, Strange Quark Matter 2004 — p.13/35

m,-dependence

(3-flavor QCD, pert. 3-function, Taylor expansion)

1 —0.025(6)(pq/T)* , ma = 0.1

1 —0.114(46) (1, /T)* , ma = 0.005

Bielefeld-Swansea
(hep-1at/0309116, Lattice 2003)

a systematic analysis of

cut-off effects, scaling violations
AND volume + truncation effects
still needs to be done



non-zero baryon number density: g > 0

0.2 r

0

Extending the phase diagram to
non-vanishing chemical potential

Z(V,T,p) = / DADYDY e S=V>Tiw)

= /DAD det M (p) e~ S2(V>T)

T/Ty
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Extending the phase diagram to

non-vanishing chemical potential

non-zero baryon number density: g > 0

Z(V,T,p) = / DADYDY e S=V>Tiw)

= /DAD det M (p) e~ S2(V>T)

~ e
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current studies of T (1) are exploratory!
uncertainties in scale-determination and

systematics of quark mass dependencee
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Extending the phase diagram to
non-vanishing chemical potential

non-zero baryon number density: g > 0

Z(V,T,pn) = / DADYDY e S=V>Tiw)

= /DAD det M (p) e 5(V>T)

0.8

ne

RHIC, LHC

v.T

0.2 +

T., Bielefeld-Swansea (N;=2,3)
T., Forcrand, Philipsen (N;=2)

T,, Fodor, Katz (N=2+1) ug/To
freeze-out Ty, J.Cleymans et. al.
1 2 3 4 5 7 8

0

current studies of T (1) are exploratory!
uncertainties in scale-determination and

systematics of quark mass dependencee
GSI future

Tc(ﬂ) = Tfreeze ?

P. Braun-Munzinger, J. Stachel,
C. Wetterich, hep-nucl/0311005

Will be answered by LGT calculations
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.. | Intermezzo: Next generation
. % computers for lattice gauge theory

today:

computing resources not sufficient

for reliable thermodynamics calculations
with physical quark mass parameters,

p # 0 and large enough statistics

on large enough lattices

120 GFlops APEmille in Bielefeld
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Intermezzo: Next generation
computers for lattice gauge theory

QCDOC and apeNEXT
2004/05;

QCD thermodynamics on the next generation of special purpose
dedicated QCD computers

installations with (10-20) TFlops peak speed are planned
in the USA and Europe
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~ apeNEXT;:
“ | Next generation of APE computers

‘ Assembling apeNEXT...

P e s

J&T Asic

BackPlane
Paris, May 2003 Piero Vicini - SciParC workshop F. Karsch, Strange Quark Matted 2004 — p.16/35



apeNEXT:
Next generation of APE computers

APENext

12/2003

BackPlane
Paris, May 2003 Piero Vicini - SciParC workshop F. Karsch, Strange Quark Matted 2004 — p.16/35



.. apeNEXT:
= 7 Next generation of APE computers

P e s

| ] i
! , e L) e 3
R === e

. A L

e first chips Dec. 2003

Paris, May 2003

e two 0.8 TFlops prototypes ~ autumn 2004

e first 3 TFlops installations in 2005
Fack

e 3 oo AR
ER AL B,

AL e
A ek s

-----
S

BackPlane

Piero Vicini - SciParC workshop

F. Karsch, Strange Quark Matted @004 — p.16/35



“. | QCDOC: Next generation of
S Columbia-RIKEN computer

Columbia — RIKEN — UKQCD Collaboration

il

512 — node machine : (360 — 450) GFlops

e currently debugging three 0.9-Teraflops maschines (09/2004):
1024-node systems, 0.5 Tbyte memory; 6 Gbit/sec Ethernet 1/0O bandwidth

QCDOC computing center at BN L :
e 10 TFlops machine for RBRC: ~ autumn 2004
e 10 TFlops machine for american LGT community: ~ early 2005
e... larger installations possible and needed!
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| Bulk thermodynamics with
| non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(,u,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;
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| Bulk thermodynamics with
| non-vanishing chemical potential

Z(V,T,pn) = / DADYDYp e S=2(VoT:k)

— /’D.A det M(,u,)}f e~ 5c(V.T)

ﬂcomplex fermion determinant;

UTaonr expansion;

P = o mZ(V,T,)
= > am(f)
= ate(t) ta(t) +oqwm)
p=0 = Lo=co(T)
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| u = 0: T.and equation of state
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T. = (173 + 8 £+ sys) MeV "

FK, E. Laermann, A. Peikert,
Nucl. Phys. B605 (2001) 579

T. = 167(13) [177(11)] MeV
C. Bernard et al. (MILC Col.), hep-lat/0405029
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8 3 flavor ,
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with these results?

T. = (173 + 8 £+ sys) MeV "

FK, E. Laermann, A. Peikert,
Nucl. Phys. B605 (2001) 579

T, = 167(13) [177(11)] MeV

| pu = 0: T.and equation of state
280 | ' ' '

Tc [MeV] e
260 | 4
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iEIAS ot
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1600 e 3?( Can we be satisfied . Jbnbity for 0, 2 and 3-flavor QCD
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o D O~ OO ©
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0 flavor

ﬁ T [MeV] |

C. Bernard et al. (MILC Col.), hep-lat/0405029 %

200 300 400 500 600
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-+ u = 0. T.and equation of state
007
260 | o MeY] % 0 1 €Ec
=07 g . | o mpe o 770 MeV (1
220 | . 7 oV~ (4 fm)g hemogynamic i
180 j¢ﬁ§n ne=2, std —&—
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energy demity for 0, 2 and 3-flavor QCD
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er RHIC ee/ T —*1
TC 14 + eT |
e mpg >, 300 MeV (chiral limit??) 2] 1 ’
10 ¢ 1 -+ T
. . LHC
~ ; A i avor i
e a ~ 0.2 fm (continuum limit??) 8 Sps 3 favor
. . o 0 flavor
® improved staggered fermions, 4 ]
= flavor symmetry breaking 2t ﬁ T[MeV] |
(need even better fermion actions) 0 ' ' ' ' '
100 200 300 400 500 600
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Pressure etc. up to O((uq/T)°)

® Taylor expansion up to © ((uq/T)®)

oo n 2 4 6
p _ 1 _ Fq ~ Hq Hq Hq
= yrinz=Lem(f) =ata() ra(R) va(R)

T4
3 5
- Ng _ Hq Hq Hq
quark number density T = 2¢co T + 4ca <?> + 6¢6 (?>

2 4
I Xq
quark number susceptibility T2 = 2co + 12¢4 <?> + 30c¢ (?>

an estimator for the radius of convergence

5 |1/2 cn > 0 for all n;
singularity for real u
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Pressure etc. up to O((pq/T)")

® Taylor expansion up to © ((uq/T)®)

oo n 2 4 6
p 1 _ Hg \ Hq Hq Hq
F_VTSIHZ_RZ:OC”(T)(?> _CO+CQ<T> +C4(T> +C6<T>

\ \
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0.8 1 1.2 1.4 1.6 1.8 2 0.8 1 1.2 14 1.6 1.8 2 ’ 0.8 1 1.2 1.4 1.6 1.8 2
T/TO T/TO T/TO
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Pressure etc. up to O((uq/T)°)

® Taylor expansion up to © ((uq/T)®)

oo n 2 4 6
p 1 _ Hg \ Hq Hq Hq
F_VTSIHZ_RZ:OC”(T)(?> _CO+CQ<T) +C4(T> +C6(T>

L 0.25 —1— —— 01—
“ ] € 7
é 021 -
= | 005 -
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— 0 =
47
| 0aF -
il -0.05F -
4 005+ -
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L | L | ! | L | L | L 0 | . | . | ! | ! | L | L 0.1 | . | . | . | ! | L | L
0.8 1 12 14 16 18 2 0.8 1 12 14 16 18 2 7708 1 12 14 16 18 2
T/TO T/TO T/TO

cn >0forallnand T < 0.95T. < singularity for real p (positive pu?)
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< : " 6
~+ .+ | Pressure etc. upto O((pq/T)°)
® Taylor expansion up to © ((uq/T)°)
o stoma S (2) = ea(5) o(5) (3]
1 = v73 lnz_gcn(T)(T> ~eotea| = ) Feal 7 ) Fes(
T T T T T T T ST T T 01—
I c, SB Timit Ce
1 o2k
0.05 ]
| 0.15
0
0.1 %
-0.05— I
0.05
S8 0=4)
008 T iz 14 16 s 2 %oz T T2 i 2 YosTrr s e 2
/T, T, T,

irregular sign of ¢, for T > T, <  singularity in complex plane
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Radius of convergence:

21| lattice estimates vs. resonance gas

. . . Con—2
® Taylor expansion => estimates for radius of convergence p, = -
Can
A B ' I = '
1.4 -
- 1T, .
12 " -
1 —]
0.8 .
0.6 |
0.4 |
0.2 .
— T ) w7,
1 | 1 | 1 | 1 | 1 | 1
00 0.5 1 1.5 2 2.5 3

T < Tp:08<p, <1l5foralln = 400 MeV < uf™ < 800 MeV
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..+ Radius of convergence:
= lattice estimates vs. resonance gas

® Taylor expansion => estimates for radius of convergence

1.4

1.2

1

0.8

0.6

0.4

0.2
uq/TO
| | I | I | I |
00 2 6 8 10 12 0

T < Tp:08<p, <lb5foralln =

HOWEVER: see discussion of resonance gas!!!

Con—2
Pn =
C2n
T T T T =
- T/Z-vo o —
T u/T, |
0{5 I I1 I 1|.5 I é 2{5 | 3
400 MeV < ug™ < 800 MeV
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improved staggered fermions;
nyg =2, my >~ 770 MeV

The pressure for p,/T > 0

C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507)

pg =0, 163 X 4 lattice

contribution from puq /T > 0
Taylor expansion, O ((u/T)%)

p/T4

100

high-T, ideal gas limit

T | | T | T T T T | T
7 u/T=1.0
pss/T* ! -
w/T=0.8 |
3 flavour |
2 flavour ]
pure gauge ]
T [MeV] b /7=0.6 |
200 300 400 500 600
n/T=04 |
;,Lq/T=O.2_
| . | .
1.6 1.8 2
P T2 1 /pg\2 1
2= (o + 5 (52) + 5o
T4 oo 60 2\ T 47
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«. . The pressure for u,/T > 0

g C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507)

pg =0, 163 X 4 lattice

improved staggered fermions;
nyg =2, my >~ 770 MeV

5[ ]

p/-l_4 Psg/ T*

3 flavour

2 flavour
pure gauge

T [MeV]

100 200 300 400 500 600

pattern for g = 0 and pq > 0 similar;
quite large contribution in hadronic phase;
O((pn/T)®) correction small for pg /T <1

contribution from puq /T > 0
NEW: Taylor expansion, O ((u/T)®)

uq/[=1 .0

1.4
/T

16 18 2
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. Fluctuations of the
R quark number density (pg; > 0)

quark number density fluctuations:

up to O ((Nq/T)2)

4 | T | T T T | T |

G——o I.Lq/ 7=1.0
u/T=0.5

o M /T=0.0

X _ * p )
T g/ T)? T*) 1 fixed
high-T, massless limit: polynomial in (pq/T')

2
Xq,SB Ing (g
T2 T (T)

large density fluctuations closer to the

chiral critical point

= s (V) — (Vg2

(o), = %
ong ) Xq

=> Xgq Will diverge on chiral critical point
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Fluctuations of the
quark number density (pg; > 0)

quark number density fluctuations:

up to O ((Nq/T)4)

i xq/ @ o—o Mq/T=1.0
| uq/T:O.S
@
I " <)
0 S ————0—
¥
(),
%)
@
I I I I I T”O
0.8 1 1.2 1.4 1.6 1.8

Xq _ ( ” _p )
T g/ T)? T*) 1 fixed
high-T, massless limit: polynomial in (pq/T')

2
Xq,SB Ing (g
T2 T (T)

large density fluctuations closer to the

chiral critical point

= s (V) — (Vg2

(o), = %
ong ) Xq

=> Xgq Will diverge on chiral critical point
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Fluctuations of the

quark number density (pg; > 0)

quark number density fluctuations:

Xq

200

100 r

50 r

82

p

N (3(Hq/T)2 T4)T fixed

RHIC, LHC
SPS
GSl future
.||||
T., Bielefeld-Swansea
T., Forcrand, Philipsen
T;, J.Cleymans et. al. g [GeV]
0 0.2 0.4 0.6 0.8 1 1.2 1.4

F. Karsch, Strange Quark Matter 2004 — p.23/35



.+ Fluctuations of the isospin and

charge densities (pg > 0, puy = 0)

isospin density fluctuations:

up to O ((Nq/T)2)

4 | T | T T T | T |
/T o W /T=1.0
u/T=0.5

pr =0

X1
Tz

0? D

pr = 0:
high-T, massless limit: polynomial in (pq/T)

XI,SB
T2

XI,SB
T2

O(pr/T)* T ) T,p1q fixed

2
Xq,SB __ Sny (g
72 T (T)

g (N = Na)?)
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Fluctuations of the isospin and
charge densities (pg > 0, puy = 0)

isospin density fluctuations:

up to O ((Nq/T)4)

| T | T T T | T |
o—o Mq/T=1.0
uq/T=0.5

pr =0

—

B Anm—

T.

1.6 1.8 2

02 D

Xr _ ( )
T2 I(pr/T)? T T, g fixed

pr = 0:

high-T, massless limit: polynomial in (pq/T)

XI,SB
T2

XI,SB
T2

2
Xq,SB 3nyg [ g
=n

T2 i (T)

g (N = Na)?)
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Fluctuations of the isospin and
charge densities (pg > 0, puy = 0)

baryon number density and isospin density fluctuations

= charge fluctuations

| ' I
e—oR/T=10 | 1 1
b /T=0.5 XQ = —=Xq t 1 X1
, — 1 /T=00 36
T i
X1/ ~ Xgq close to T (ftc)
/T,
| \ | 1
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Fluctuations of the isospin and
charge densities (pg > 0, puy = 0)

baryon number density and isospin density fluctuations

= charge fluctuations

I ' I
G—o l,Lq/T=1 .0
uq/T=0.5

o uIT=00 |
x1/T? !

)
D

—t=)

— |

7 7 v Y/

1 n 1
xXQ = 36 Xq XI

~ Xq close to Te(pte)

for comparison: proton number fluctuations;
my/To ~ 5.5, ideal gas
= forT = To, pq/T = 1:

(Xq/TZ)proton ~ 1.2 << Xq/T2
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Critical behaviour in dense matter
Hagedorn’s Resonance Gas

R. Hagedorn, Nuovo Cimento 35 (1965) 395

strong interactions = exponentially rising spectrum of resonances

Hagedorn spectrum : p(mpg) ~ ¢ m%, e™#/Tx

Z(T, ) — / dmy p(mg) e~™H/T

—> critical behaviour: 1. =1y
(end of hadronic physics)

p(mH) = Pmeson (mHa T) _I_ pbaryon(mHa T? IJ'B)

o f = Z experimentally known resonances

o plmu) = p*(mu(mx))
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- Critical behaviour in dense matter
e Hagedorn’s Resonance Gas

R. Hagedorn, Nuovo Cimento 35 (1965) 395

strong interactions = exponentially rising spectrum of resonances

Hagedorn spectrum : p(mpg) ~ ¢ m%, e™#/Tx

Z(T, /,LB) p— /de p(mH) e_mH/T

wor 1 => critical behaviour: 1, =1y
L) [} [} [} . .
ol © . t (end of hadronic physics)
10,0 1 resonance gas (adjusted mass spectrum):
8.0 - - ~ 1000 resonance d.o.f.
60 | ; ] lattice calculation:
40 b . (2+1)-flavor QCD, my/T = 0.4, up = 0
T ; | continuous transition at 7.
L= ' ' ' ' 1 FK, K. Redlich, A. Tawfik, hep-ph/0303108

0.5 L0 L5 20 2.5 3.0 3.5 F. Karsch, Strange Quark Matter 2004 — p.25/35



Baryonic resonance gas
= Boltzmann approximation

heavy resonances, T << my = Boltzmann statistics 1B = 3l
_ T
thermodynamics: p(T, up) = % nZ(T,up,V me (T, up)
InZ(T,ps,V) = > WmZZ (T, V)+ Y Wzl (T,up,V)
1 € mesons 1 € baryons

contribution of baryons with mass m

P _ (YRS 1) 02 Kyt T) coshltps T)
0=1 f

Ko(x) >~ /7/2x exp(—x), *>>1

e only ¢ = 1 contributes for (my — pug) 2 T

d
—> Boltzmann approximation: Pm _ @ (

T4 — 2 m>2 Ko(m/T) cosh(pp/T)

T
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..+~ | Boltzmann approximation
= © . with and without Taylor expansion

® Boltzmann approximation => factorization of T and (u/T")-dependence

full result Taylor expansion
pressure % F(T)[cosh M?B —1] | F(T) (&2 (%)2 + ¢4 (%)4>
number density % 3F(T) sinh “?B F(T) (252 (%) + 4¢4 (%)3>
quark number % 9F(T) cosh MTB F(T) (252 + 1264 (%)2>

susceptibility

® ¢, = F(T)é, withéz=9/2,& =27/8and F(T) =Y — (—)2 Ko(mi/T)

® Taylor expansion only depends on CQ(T) and spectrum independent ratios: Cn/CQ

F. Karsch, Strange Quark Matter 2004 — p.27/35
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| F
|spectrum independent consequences

lesonance gas:

FK, K. Redlich, A. Tawfik, PLB 571 (2003) 67

@® Boltzmann approximation = factorization = temperature independent ratios;
spectrum independent results

2 c c 6
Ap 1 (e () ()
D 3 (1 — cosh™ (3ug/T)) ~ =y 3
Xa 2+ 12 ()" +302 (7)
| | 03T
1o o cfe, - Apl(T ) + . -/T_Og_f NEW:
? 1 0 CCy ! S O(u®)
+ oL 9
T % 0.2 .
05 .
L H
M T ®e ¢ . JL
0 = T ¢ m L 0dpo l +_4L -
%3 b + et iq/T=0.4_f
05F % T/Tc . /T,
03 T i o 12 12

solid: exact; dashed O((u/T)6)
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|Resonance gas:

|spectrum independent consequences

FK, K. Redlich, A. Tawfik, PLB 571 (2003) 67

@® Boltzmann approximation = factorization = temperature independent ratios;

spectrum independent results

fhg ) 2 c g \4 c frq \ 0

Ap L 1 (1 . COSh_1(3 /T)) -~ (Tq) + a (Tq) + £ (Tq)

T2y, 9 Ha 2 4+ 12¢ &)24_300_6 (&)4
9 C T C2 T
| , | 0.3 : : :

o o cfe, | 80T, + I 1 NEW:
¢ 1 oocfe, | 1 ’ M08 O(ud)
Ter e < resonance gas ., |l _

0.5F [ T ;L = - H
: ideal gq-gas
¥ DT [~ ©_  lideal gg-gas ! qu J
I — Z Z 1 oab.. ++ .. < resonance gas -
%ﬁ b + et ) iq/T=0.4_f
050 % T”C - T/TO
| | ! | | 0 | | | | | ! |
0.8 1 1.2 1.4 0.8 1 1.2 1.4

solid: exact; dashed O((u/T)6)
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Resonance gas:
spectrum dependent consequences

o

“fit” with modified spectrum  mpg(m-) = mg(0) +
= tests factorization

mH(O)

()

Xa _ 9 p(T) cosh(3p /T) ~ eo(T) (24 12 & (“q)2 +0 (“q)4
= ! co \T T
1. ! .
c, a) AL Xq/T2
0.8F ° L
° : 3F |
0.6fF L . 4
2r ’/' l/ i3 i A 4
0.4r N / e o o b ]
! Ve S v \
/// // ./; * v
0.2} //'/// T { /{ v
////// ! if' 4,/T=0,0.4,0.6,0.8,1.0
- : T lgeE Y
N . . oééé% : . . .
0.8 1.0 1.2 1.4 08 - - —
/T, /T,
A =009 10, 1.1, 1.2 A= 1.0
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. Critical behaviour and
= e the resonance gas

® Resonance gas => no critical behaviour, analytic, infinite radius of convergence
® finite density QCD = expect 15t order phase transition for

He .
T < Te(pe), - ~O();

C

signaled by density fluctuations, i.e.

Xq —ooforu — pcatT =Te(ue),

resonance gas approximation should break down close to the transition line;

1) %4, 0and ép — 0 at the chiral critical point NO
T'xq T“xq
2) |can—2/can| should stay O(1) YES

SO FAR: no clear evidence for break-down of the resonance gas approximation below 7.
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Strange Quark Matter 2004 ...

...topics that could not be discussed:

1) Heavy quark spectral functions
- quarkonium suppression at high temperature

2) Heavy quark free energies and the heavy quark potential
- renormalization of free energies;
- running coupling at finite temperature
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Heavy quark spectral functions

.  comparison of different approaches

M. Asakawa, T. Hatsuda, hep-lat/0308034

25—
O'(C'J)/wz T=0.78Tc -----
27 T-1.38Tc ---
15¢ n T=162Tc —
1+
0.5+
0
T=187Tc ——
o T=233Tc ---
1.5}
1t

20 25 30

w[GeV]

1

0.8 F

0.6

0.4

0.2

0.8 f

0.6 f

04 ¢

0.2 ¢

S. Datta et al., hep-lat/0312037
J /4 spectral function

C
c(co)/u)2 1.5T,
/\ o[GeV]
0 5 10 15 20 25 30
o(®)/w?
“ 3T,
J L o[GeV]
Vo Q!
0 5 10 15 20 25 30
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Heavy quark spectral functions
comparison of different approaches

M. Asakawa, T. Hatsuda, hep-lat/0308034 S. Datta et al., hep-lat/0312037
J /4 spectral function

25

1

a' (QJ) /wz T=0.78T¢c ----- o(m)/0? ??}2
2 T-138Tc ---- | 08
1 5 | n T=1.62Tc i 06 | ]
1t 4 ] 0.4 } .
05| ' 5’7;-‘_\‘\ ' TN | 0.2 } /\‘
0 L i i : : °0 5 10 15 20 25 30
J /4 dissociates for 1.6T. < T<,1.9Tc J /4 gradually disappears for T > 1.5T¢
rather abrupt disappearance of J /4 J /4 strength reduced by 25% at T' = 2.257,
1.5} ] “
0.6
1 A
04 ¢
02§
=2 . . . . . J \“ o[GeV]
0 5 10 15 20 25 30 o L/ - -
(!)[GeV] (0] 5 10 15 20 25 30
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(% Heavy quark spectral functions
"} . comparison of different approaches

M. Asakawa, T. Hatsuda, hep-lat/0308034 S. Datta et al., hep-lat/0312037
J /4 spectral function

25

1

a' (UJ) /wz T=0.78T¢c -=-=--- o(m)/0? (1)?}2
2 T-138Tc ---- | 08
15 | n T=1.62Tc i 06 | ]
1 4 i 0.4 | -
05| ' 5’7;-‘_\‘\ ' TN | 0.2 } /\‘
0 L i i : : °0 5 10 15 20 25 30
J /4 dissociates for 1.6T. < T<,1.9Tc J /4 gradually disappears for T > 1.5T¢
rather abrupt disappearance of J /4 J /4 strength reduced by 25% at T' = 2.257,
1.0} . " J
0.6
11 I radial excitations () disappear
0.4
already close to T,
0.2 f 4
0 5 10 15 20 25 30 o L/ . -
(!)[GeV] (0] 5 10 15 20 25 30
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Color averaged heavy quark
free energies

O. Kaczmarek, FK, P. Petreczky, F.Zantow, PLB 543(2002)41

confined phase (T' < T¢) : deconfined phase (7" > T¢) :

matching (= renormalization) at short distances to T' = 0 potential for all T

4 t v
E:_TzaF/T S:—B—F
oT Al oT
T = 0, vacuum physics: zhigh-T physics:
rT L1, r L 1/+/c: T > 1: screening
F(r,T) ~ g*(r) p(T) ~ g(T)T;

(energy dominated!l) 1 5 3 s, F(oo0,T)~—T

rc /2 (entropy dominated!!)
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Running coupling from
singlet free energy

O. Kaczmarek, FK, P. Petreczky, F. Zantow, hep-lat/0406036

® singlet free energy defines a running coupling:

3T2 dF]_ (’T‘, T)06 ™ - — . : : P_ T/T
'8 p—

qaq 4 dr ocqq(r,T) + T=8
0.5 r 11.056 —=—
1.20 —<—
0.4 1.30 —=—
1.50 —e—

0.3 )

large distance: constant 3.00 ——
Coulomb term (string model) g 2 900 —e—

12.0 —o—

short distance: running coupling

a(r) from (T = 0), 3_|0%_

(S. Necco, R. Sommer,

Nucl. Phys. B622 (2002) 328) 0 — N
0.01 0.1

T-dependence starts in non-perturbative
regime for T'<\ 3 T
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® short distance physics << vacuum physics



Conclusions

- QCD thermodynamics for small . and large 7" can be analyzed reliably

results on bulk thermodynamics in the hadronic phase so far agree
quite well with resonance gas model calculations

- rapid rise of quark number fluctuations with increasing density (/7)) is
"normal” in the hadronic phase

even larger fluctuations should signal presence of the
chiral critical point;

higher orders in the Taylor expansion needed;

large density fluctuations call for large lattices

- location of the chiral critical point and curvature of T'. () is uncertain to
at least within a factor of 2.

would like to see direct evidence for the first order transition

direct simulations at ;o > 0 ?7?
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